Trauma-related necrotizing myocutaneous mucormycosis (NMM) has a high morbidity and mortality in 2 7 victims of combat-related injuries, geo-meteorological disasters, and severe burns. Inspired by the obser-2 8 vation that several recent clusters of NMM have been associated with extreme mechanical forces (e.g. 2 9
1 3 1 exposure to TSC is transient. To understand the molecular mechanisms underlying the increased virulence following TSC, we 1 3 6 performed RNA sequencing (RNA-seq) on R. arrhizus spores that were either kept in static culture, ex-1 3 7 posed to TSC, or exposed to TSC and then allowed to rest for 120 minutes. We defined differentially ex- pressed genes as those with a false discovery rate (FDR) <0.05 between experimental groups. Despite the 1 3 9 significant sequencing depth coverage that we obtained (38.1 ± 3.62 million reads per sample), we ob-1 4 0 served that R. arrhizus mounted a minimal transcriptional response to TSC ( Fig. 2A) and also to the rest 1 4 1 8 following TSC (Fig. 2B) . In fact, only 3 genes were differentially expressed between shear-challenged 1 4 2 and static spores. Furthermore, only 22 genes were differentially expressed between the spores that were 1 4 3 exposed to TSC and those that were allowed to rest for 120 minutes following shear challenge. All of the 1 4 4 differentially expressed genes are uncharacterized and annotated as hypothetical proteins. Taken together, 1 4 5 these results suggest that R. arrhizus does not mount a robust transcriptional response to TSC and that the 1 4 6 increased virulence is likely not the result of transcriptional up-regulation of virulence genes. Therefore, we conducted an array of phenotypic assays to further understand the features of TSC- proach (28), we tested whether TSC results in accelerated growth or hyphal filamentation of Mucorales. However, mycelial morphology ( Fig. S3A) , confluence, hyphal length, and branch point numbers ( that hyper-virulence is not a result of altered mycelial expansion and/or morphogenesis. As previous studies suggested that fungal stress adaptation can induce resistance to subsequent 1 5 4 stress events (21) (22) , we further used the NeuroTrack assay to determine the impact of TSC on the 1 5 5
Mucoralean tolerance of oxidative stress (peroxide, H 2 O 2 ). In all three species tested, shear-challenged 1 5 6 spores did not have increased resistance to subsequent peroxide exposure compared with static controls 1 5 7 ( Fig. S4A) . Similarly, no significantly different hyphal length endpoints were found between shear-1 5 8 challenged and static Mucorales spores subsequently exposed to sub-inhibitory peroxide concentrations As increased resistance to or interference with the host's phagocytic capacity could present an-1 6 8 other virulence feature contributing to TSC-induced pathogenicity, we next compared the phagocytic ac-1 6 9 tivity of D. melanogaster S2 hemocytes against shear-challenged and static R. arrhizus. S2 cells have 1 7 0 considerable similarities with human phagocytic cells and have been previously validated as an in vitro 1 7 1 system to study cellular immune responses against Mucorales (23). However, co-cultures analyzed by 1 7 2
IncuCyte NeuroTrack imaging revealed no differential susceptibility of static and shear-challenged R. in the presence of phagocytes, regardless of prior TSC (Fig. S5A) . In addition, invasion of host epithelia 1 7 5 is regarded as an essential virulence trait in the establishment and progression of mucormycosis (29-30). Co-culturing Rhizopus spores with A549 epithelial cells for 24 and 48 h, static and TSC-exposed spores 1 7 7 elicited comparable and inoculum-dependent release of LDH, a surrogate marker for epithelial cell dam- Next, we focused our attention on the possibility that secreted metabolites could contribute to in-1 8 0 creased pathogenicity in the TSC setting. Interestingly, static R. arrhizus spores re-suspended in superna-1 8 1 tants from TSC-exposed spores became equally hyper-virulent in the fly model as the TSC inoculum, Inversely, the mortality of flies infected with a mixture of supernatants from static R. arrhizus spores and 1 8 4 the TSC-exposed spore pellet was comparable to the unchallenged control and significantly lower than in 1 8 5 flies infected with stirred spores (p < 0.001, Fig. 3B ). Together, these data suggest that increased viru-1 8 6 lence of TSC-exposed spores is largely due to soluble factors. Lastly, we sought to identify cascades governing the hyper-virulent phenotype of Mucorales after 1 9 1 TSC. As the calcineurin/hsp90 axis has been described as a pivotal driver of fungal adaptation to envi-1 9 2 1 1 ronmental stress (20, 22, (31) (32) , we hypothesized that inhibitors of this pathway may attenuate the impact 1 9 3 of TSC on Mucoralean hyper-virulence. Indeed, addition of sub-inhibitory concentrations (100 µg/ml) of 1 9 4 the calcineurin inhibitor cyclosporine A CsA during TSC exposure of R. arrhizus reduced the 7-day mor-1 9 5 tality of infected flies from 99 % to 71 % ( Fig. 4A , p < 0.001), whereas the pathogenicity of static spores 1 9 6 was not influenced by CsA. Furthermore, the hsp90 inhibitor tanespimycin (50 µg/ml 17-AAG, Fig. 4B ) 1 9 7 and its combination with CsA ( Fig. 4C ) fully reverted the pathogenicity of TSC-exposed spores to the 1 9 8 level of the unchallenged control, further underscoring a role of the calcineurin/hsp90 pathway in TSC- induced in vivo pathogenicity. Importantly, CsA continued to mitigate TSC-induced hyper-virulence of R. To corroborate the critical relevance of the calcineurin/hsp90 axis for TSC-induced hyper-2 0 4 virulence, we employed previously described M. circinelloides mutants harboring a loss-of-function of 2 0 5 the two calcineurin catalytic A subunits (cnaAΔ and cnaBΔ) and regulatory B subunit (cnbRΔ) (33-34). Expectedly, an isogenic wild-type control (R7B) strain of M. circinelloides displayed significantly en-2 0 7 hanced virulence after undergoing TSC, with 7-day survival rates of infected flies dropping from 65 % 2 0 8 (static control) to 41 % (p = 0.004, Fig. 4E ). In contrast, no significant difference in pathogenic capacity 2 0 9 was seen between static and shear-challenged spores for all three M. circinelloides calcineurin loss-of-2 1 0 function mutants tested ( Fig. 4E) , thus providing further support for a model whereby TSC elicits transi-2 1 1 ent hyper-virulence of Mucorales in a calcineurin-dependent way. vortexing did not result in increased virulence, suggesting that the nature and intensity of physical forces 2 2 0 determine differential effects on fungal biology. Accordingly, all NMM case patients after the deadly 2 2 1 2011 Joplim tornado had been located in the most severely damaged core of the tornado path (10). Previ-2 2 2 ous work has established that the tangential flow and velocity fields in a magnetic stirrer are dynamically 2 2 3 similar to that of big atmospheric vortices such as tornadoes (35). As the rotational speed and viscous ef- reach path lengths over 100 miles and travel for more than 30 minutes (36-37), underlining the physiolog-2 2 8 ical relevance of our experimental setting. Unexpectedly, we found that Mucoralean hyper-virulence was not related to changes in fungal 2 3 0 proliferation or capacity to cope with adverse conditions such as oxidative stress challenge, antifungal 2 3 1 agents, or exposure to phagocytes. In line with these observations, RNA sequencing analysis of R. cifically, no genes that are known or suspected to be immediately linked with Mucoralean virulence such 2 3 4 as epithelial invasins, toxins, or proteins related to iron metabolism (38) were differentially expressed af- and rapid decay of hyper-virulence suggest a role of post-translational events that would have not been 2 3 9 captured by our sequencing approach. Our findings indicate that Mucoralean hyper-virulence after TSC is, to a large extent, driven by 2 4 1 soluble metabolites that are released by shear-challenged spores and can subsequently increase the patho- as a fungal Achilles' heel due to its role as a multifunctional regulator of cell wall integrity, adaption to 2 4 8 adverse environments, and virulence (31) (32) (33) (34) (39) (40) . Therefore, we hypothesized that this pathway may The sources and culture conditions of fungal strains used in this study are summarized in Table   3 1 0 S1. Spores were collected in saline by gently scraping the mycelium with a sterile glass rod. Fungal sus-3 1 1 pensions were washed twice with sterile saline and spore concentrations were determined using a dure, spore suspensions were centrifuged at 6000 g for 30 min or shaken in a 50 ml tube taped to a vortex 3 2 0 adaptor at maximum speed for 30 min. of flies were used as previously described (23-24). The dorsal side of the thorax of CO 2 -anesthetized flies 3 2 8 (7-14 days old) was pricked with a size 000 insect pin (Austerlitz) dipped into the spore suspensions. Un- were performed within 10 min after termination of the stirring process. Flies were kept at 29 ˚C and trans- fuged at 17,000 g for 5 min. The supernatant was discarded and spores were resuspended in 500 µl buffer generate read counts for each gene. Statistical analysis of differential gene expression was performed us- FDR-value for differential expression was less than 0.05. The RNA-seq analysis was performed in biolog- Team. Clinical relevance of mold culture positivity with and without recurrent wound necrosis Control TSC TSC, 15 min rest Days post-infection p = 0.682 TSC, 30 min rest TSC, 60 min rest TSC, 120 min rest p = 0.175 p = 0.016 * p < 0.001 *** p < 0.001 *** p < 0.001 *** p < 0.001 *** p = 0.040 * p = 0.955
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(Control) (A) as well as spores exposed to TSC and then allowed to rest for 120 minutes or not (B). Val- (FDR <0.05). R. arrhizus Ra-749 spore suspensions (10 7 /ml) were exposed to TSC by magnetic stirring or kept in static the supernatant from control spores with an equivalent volume of supernatant from TSC-exposed samples rank-test. Ctrl TSC TSC, 15 min rest Days post-infection p = 0.682 TSC, 30 min rest TSC, 60 min rest TSC, 120 min rest p = 0.175 p = 0.016 * p < 0.001 *** p < 0.001 *** p < 0.001 *** p < 0.001 *** p = 0.040 * p = 0.955
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